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EHLQJ ODUJHO\ VWXGLHG7KXVVHYHUDOVWXGLHVKDYHGHPRQVWUDWHG WKDWPHWDOR[LGHVIXQFWLRQDOL]HGZLWKVHFRQGSKDVH
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,Q WKH OLWHUDWXUH WKHUH DUH YDULRXV FRQFHSWXDO URXWHV WR IXQFWLRQDOL]H PHWDO R[LGHV ZLWK VHFRQGSKDVH
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PDWHULDOVLQWKHYDSRUSKDVHKDVSRWHQWLDODGYDQWDJHVLQFOXGLQJWKHJURZWKRIPDWHULDOVZLWKJUHDWHUSXULW\KLJKHU
WKURXJKSXW DQG WKH SRVVLELOLW\ RI LQWHJUDWH PDWHULDOV GLUHFWO\ LQWR GHYLFHV $HURVRODVVLVWHG FKHPLFDO YDSRU
GHSRVLWLRQ$$&9'LVDYDSRUSKDVHPHWKRGZKLFKZDVXVHGSUHYLRXVO\WRJURZLQDVLQJOHVWHSKLJKO\VHQVLWLYH
WXQJVWHQR[LGHQDQRQHHGOHVIXQFWLRQDOL]HGZLWKPHWDOHJ3WQDQRSDUWLFOHV>@
+HUHZH H[WHQG WKLVPHWKRG WR V\QWKHVL]H WXQJVWHQR[LGH QDQRQHHGOHV IXQFWLRQDOL]HGZLWK)H2QDQRSDUWLFOHV
DQGVWXG\WKHJDVVHQVLQJSURSHUWLHVRIWKHVHPRGLILHGQDQRVWUXFWXUHVWRYDULRXVUHGXFLQJJDVHVLQFOXGLQJK\GURJHQ
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 & YLD
$$&9' RI D VROXWLRQ FRQWDLQLQJ WXQJVWHQ KH[DFDUERQ\O  PJ :&2 6LJPD$OGULFKı DQG IHUULF
FKORULGHKH[DK\GUDWHPJ)H&Oā+26LJPD$OGULFKıGLVVROYHGLQPHWKDQROPO6LJPD$OGULFK
ı7KHDHURVROGURSOHWVZHUHWUDQVSRUWHGWRWKHKHDWHGVXEVWUDWHXVLQJDQLWURJHQJDVIORZVFFP7KH
WLPHWDNHQWRWUDQVSRUWWKHHQWLUHYROXPHRIVROXWLRQZDVW\SLFDOO\DERXWPLQXWHV3ODLQSRO\PHULFIRLOV8SLOH[
6ȝP8%(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IRLOVZHUHXVHGIRUJDVVHQVRUIDEULFDWLRQ7KHIDEULFDWLRQRIWKHIOH[LEOHWUDQVGXFLQJSODWIRUPVDQGWKHLQWHJUDWLRQ
RI QRQIXQFWLRQDOL]HG DQG 3WIXQFWLRQDOL]HG WXQJVWHQ R[LGH QDQRQHHGOHV LQWR WKHVH SODWIRUPV YLD $$&9' ZDV
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6HULHV  .9 WKH ILOP VWUXFWXUH XVLQJ;UD\ 'LIIUDFWLRQ ;5' ± %UXNHU $;6' $GYDQFH &X.Į UDGLDWLRQ
RSHUDWHGDW.9DQGP$+LJK5HVROXWLRQ7UDQVPLVVLRQ(OHFWURQ0LFURVFRS\+57(0±)(,7HFQDL)
N9ZDVSHUIRUPHGDIWHUUHPRYLQJWKHILOPIURPWKHSRO\PHULFSODWIRUPE\VRQLFDWLRQ
*DVVHQVRUVZHUHWHVWHGLQDFRQWLQXRXVIORZWHVWFKDPEHU>@%ULHIO\ WKHV\VWHPZDVSURYLGHGRIWKUHHPDVV
IORZ FRQWUROOHUV DQG PL[WXUHV RI SXUH V\QWKHWLF DLU 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 DQG HLWKHU FDOLEUDWHG WROXHQH &+ 3UD[DLU
K\GURJHQ + 3UD[DLU RU HWKDQRO (W2+ 3UD[DLU LQ V\QWKHWLF DLU ZHUH DGMXVWHG LQ RUGHU WR REWDLQ WKH GHVLUHG
FRQFHQWUDWLRQV7KHHOHFWULFDOUHVLVWDQFHRIWKHVHQVRUVZDVPHDVXUHGXVLQJDPXOWLPHWHU.HLWKOH\FRQILJXUHG
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5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UHVLVWDQFHLQDLUDWVWDWLRQDU\VWDWHDQG5JUHSUHVHQWVWKHVHQVRUUHVLVWDQFHDIWHUPLQXWHVRIDQDO\WHH[SRVXUH)RXU
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SODLQ SRO\PHULF IRLOV DQG WKH IOH[LEOHWUDQVGXFLQJ SODWIRUPV VKRZHG XQLIRUP QRQDOLJQHG QDQRQHHGOHV ZLWK
GLDPHWHUV UDQJLQJ EHWZHHQ  DQG  QP DQG OHQJWKV RI a P $Q H[DPSOH RI WKH 6(0 LPDJHV RI WKH
IXQFWLRQDOL]HGQDQRQHHGOHVLQWHJUDWHGLQWRWKHIOH[LEOHGHYLFHLVVKRZQLQ)LJ
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E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F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FURVVVHFWLRQRIWKHIOH[LEOHJDVVHQVRUGHYLFHDIWHUJURZLQJWKHWXQJVWHQR[LGHQDQRQHHGOHVIXQFWLRQDOL]HGZLWK)H2QDQRSDUWLFOHV(*
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;5' RI WKH ILOPV )LJ D LQGLFDWHG WKH SUHVHQFH RI PRQRFOLQLF SKDVH WXQJVWHQ R[LGH 3Q VSDFH JURXS
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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QRQIXQFWLRQDOL]HGRU3WIXQFWLRQDOL]HGWXQJVWHQR[LGHQDQRQHHGOHV>@'LIIUDFWLRQVDVVRFLDWHGWRLURQFRPSRXQGV
)LJ  ZHUH QRW REVHUYHG LQ WKH ILOPV OLNHO\ GXH WR WKH ORZ LURQ FRQWHQWV XVHG IRU WKH $$&9' ,Q FRQWUDVW
+57(0GLVSOD\HGQDQRSDUWLFOHVDWWKHVXUIDFHRIWKHQDQRQHHGOHVDQG(';FRQILUPHGWKHSUHVHQFHRIWXQJVWHQDQG
LURQ)LJE+57(0UHYHDOHGFU\VWDOOLQHVWUXFWXUHVZLWKWKHQDQRSDUWLFOHVGLVSOD\LQJSODQDUVSDFLQJRI
cFRQVLVWHQWZLWKWKHLQWHUQDOODWWLFHVSDFLQJRIWKHFXELF)H2DQGWKHQDQRQHHGOHVGLVSOD\LQJSODQDUVSDFLQJRI
cFRQVLVWHQWZLWKWKHPRQRFOLQLFSKDVHLGHQWLILHGIRUWXQJVWHQR[LGHQDQRQHHGOHVXVLQJ;5'>@
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+57(0RIDVLQJOHQDQRQHHGOH
IXQFWLRQDOL]HGZLWK)H2QDQRSDUWLFOHVLQVHWVKRZWKH(';VSHFWUDRIWKHVWUXFWXUH
7HVW WR WROXHQH HWKDQRO DQG K\GURJHQ VKRZHG W\SLFDO GLUHFW GHSHQGHQFHV RI WKH UHVSRQVH WR DQDO\WH
FRQFHQWUDWLRQZLWKFORVHO\VLPLODU WHQGHQFLHV IRU3WDQG)H2IXQFWLRQDOL]HGQDQRQHHGOHVDQGQRWLFHDEOHKLJKHU
DQG IDVWHU UHVSRQVHV RI WKH IXQFWLRQDOL]HG QDQRQHHGOHV FRPSDUHG WR WKRVH QRQIXQFWLRQDOL]HG )LJ D 7KH
VHQVLWLYLW\ WRHDFKDQDO\WHGHILQHGDV WKHUDWLREHWZHHQ WKHFKDQJH LQ VHQVRU UHVSRQVHǻ5IRUD IL[HGFKDQJH LQ
DQDO\WHFRQFHQWUDWLRQǻ&LVVKRZQLQ)LJE
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